The MA protein from HIV-1 is a small, multifunctional protein responsible for regulating various stages of the viral replication cycle. To achieve its diverse tasks, MA interacts with host cell proteins and it has been reported that one of these is the ubiquitous calcium-sensing calmodulin (CaM), which is up-regulated upon HIV-1 infection. The nature of the CaM-MA interaction has been the subject of structural studies, using peptides based on the MA sequence, that have led to conflicting conclusions. The results presented here show that CaM binds intact MA with 1:1 stoichiometry in a Ca 2+ -dependent manner and that the complex adopts a highly extended conformation in solution as revealed by small-angle X-ray scattering. Alterations in tryptophan fluorescence suggest that the two buried tryptophans (W16 and W36) located in the first two alpha-helices of MA mediate the CaM interaction. Major chemical shift changes occur in the NMR spectrum of MA upon complex formation, whereas chemical shift changes in the CaM spectrum are quite modest and are assigned to residues within the normal target protein-binding hydrophobic clefts of CaM. The NMR data indicate that CaM binds MA via its N-and C-terminal lobes and induces a dramatic conformational change involving a significant loss of secondary and tertiary structure within MA. Circular dichroism experiments suggest that MA loses ∼ 20% of its α-helical content upon CaM binding. Thus, CaM binding is expected to impact upon the accessibility of interaction sites within MA that are involved in its various functions.
Introduction
Human immunodeficiency virus 1 (HIV-1) infection results in elevated levels of expression of the intracellular calcium sensor calmodulin (CaM) in the host cell. 1 Furthermore, it has been reported that CaM forms a complex with the HIV-1 Gag polyprotein and with its multifunctional N-terminal subunit, MA (also known as p17), 2 which is proteolytically released by HIV-1 protease during the late stages of infection and viral maturation. [3] [4] [5] Gag is a single 55 kDa polypeptide chain capable of directing virion assembly and budding in the absence of other HIV-1 components (for a review, see Ref. 6) . Its MA subunit forms the matrix layer around the core of the HIV-1 virus. 7, 8 Two predominant species of MA are important in vivo; the cleaved form within the mature virion and the host cytoplasm during viral infection, and the Gagassociated form found during the late stages of viral replication and export. MA is involved in directing Gag to the plasma membrane, 9 ,10 mediated via its N-terminal myristoyl group, 11 and in recruiting additional proteins for viral assembly. 12 In addition to its structural functions in the mature virus, free MA plays diverse roles during the early stages of viral replication, including the regulation of early post-entry steps and inclusion in the viral pre-integration complex. 13, 14 The structure of MA, which has been solved by NMR 15, 16 and crystallography, 17 consists of a largely α-helical globular N-terminal "head" with a flexible C-terminal "tail". The crystal structure contains six MA molecules of similar conformation in the asymmetric unit arranged in trimers and NMR data indicate MA is monomeric in solution.
The NMR and crystal structures of the monomers are similar; with the major differences being in the flexible tail and the helix connecting it to the globular head. While it has been reported that CaM and MA interact, the nature of the interaction is not known and its role in HIV-1 infection is not understood. 2 CaM is the ubiquitous intracellular calcium sensor that regulates a wide range of physiological functions through its ability to bind many different proteins, such that its binding is both specific and yet diverse (for a review, see Ref. 18) . CaM is relatively small (148 residues), highly conserved amongst eukaryotes 19 and is described as having a dumbbell shape with two globular lobes connected by an extended α-helix 20 that is known to be flexible in solution. 21, 22 Each lobe consists of a pair of EFhand motifs 23 that comprise a cup-shaped domain with two Ca 2+ -binding loops forming the base of the cup and four α-helices forming the sides. Hydrophobic residues lining the base of the cup form a cleft that is opened upon Ca 2+ -binding, 24, 25 thus exposing hydrophobic residues that mediate target protein recognition and binding. 26 The specificity of CaM binding to target proteins is generally conferred by the presence of large hydrophobic anchor residues within a target sequence, spaced to bind at each of the hydrophobic clefts of CaM. Electrostatic interactions stabilize binding and govern the orientation of the target binding site (for a review, see Ref. 27) . The flexibility of the interconnecting helix of CaM enables the targetbinding clefts in each lobe to be oriented in order to accommodate the wide variety of stereochemistries found amongst the diverse CaM target proteins. 28 The "classical" Ca 2+ -dependent binding mode for CaM is illustrated by the complex it forms with the α-helical peptides from smooth and skeletal muscle myosin light chain kinase (MLCK). 26, 29 In this mode, two large hydrophobic anchor residues in MLCK, spaced 12 residues apart, each bind to one of the CaM hydrophobic clefts to form a hydrophobic "tunnel" as the CaM dumbbell collapses and encompasses the peptide. The collapse is facilitated by an unwinding of the central helix, which acts as a flexible hinge, and the orientation of the peptide is determined by basic residues in the N-terminus of the peptide that form salt bridges to the C-terminal lobe of CaM. Numerous variations of this arrangement have been documented and include complexes in which CaM has an extended rather than collapsed conformation 30 or binds a target peptide in the opposite orientation, 31 as a dimer 32 or in the absence of Ca 2+ . [33] [34] [35] CaM-peptide studies have implicated the Nterminal ∼ 50 residue sequence of MA in CaM binding. Sequence segments consisting of residues 11-25 and 31-46 of MA each contain a single tryptophan (W16 and W36), both of which are in the globular domain with W16 sequestered within the hydrophobic core and W36 partially exposed to solvent (Fig. 1 ). Tryptophan fluorescence spectroscopy shows that these peptides bind to Ca 2+ -CaM with nanomolar affinity. 2 Residues 11-46 of MA constitute the two perpendicularly oriented α-helices connected by a basic loop region, and it has been proposed that they form a nearly contiguous CaM-binding surface. 15 The peptide studies to date have not unambiguously resolved the question of the stoichiometry of the putative Ca 2+ -CaM-MA complex. 2 Earlier small angle X-ray scattering (SAXS) studies led to a proposed novel arrangement for the interaction that does not involve the canonical target-recognition hydrophobic clefts of CaM, and instead depends upon electrostatic interactions with the CaM interconnecting helix.
We report the results of biophysical studies that focus on the interaction between CaM and full- Fig. 1 . CaM-binding sites on the MA structure. Top: Amino acid sequence for the MA construct used in this experiment, depicting the proposed CaM-binding sites (underlined) and the tryptophan residues located within (bold). (a) Surface depiction of the MA NMR structure (PDB 2HMX) showing the tryptophan residues (black) located within the N-terminal lobe of MA, with W16 completely buried within the hydrophobic core, whereas W36 is partially exposed to solvent. (b) Close-up view of the N-terminal globular domain of MA and the CaMbinding site (blue) in cartoon form. The site is composed of two short α-helices connected by a basic loop region.
length MA in order to definitively establish the binding stoichiometry and the nature of the interaction. We find that CaM binds MA in a 1:1 stoichiometry, the binding is Ca 2+ -dependent and it is weakened in the presence of increasing concentrations of NaCl. Unexpectedly, the native structure of MA is disrupted dramatically upon complex formation, and we discuss the implications of this result for MA function.
Results and Discussion
Both apo and Ca 2+ -CaM bind MA with affinity that varies inversely with ionic strength Pulldown assays were done with covalently linked CaM-agarose beads and free MA in solutions containing increasing concentrations of NaCl in the presence and in the absence of Ca 2+ to qualitatively assess the interaction between CaM and MA The results show that MA binds to CaM in a Ca 2+ -dependent manner and that the affinity decreases with increasing ionic strength (Fig. 2) . No observable interaction was detected between apo-CaM and MA in solutions containing more than 50 mM NaCl, and 500 mM NaCl was required to abolish MA binding to Ca 2+ -CaM. Tryptophan fluorescence spectroscopy was used to probe the interaction between CaM and MA. As CaM lacks tryptophan residues and MA contains only two tryptophans located within the putative CaM-binding sequences (W16 and W36) tryptophan fluorescence is a useful probe for monitoring binding. Equilibrium binding constants between CaM and MA were quantified from these data. Addition of CaM to MA results in a blue-shifted tryptophan emission peak with λ max changing from ∼ 350 nm to ∼ 340 nm in the raw spectra (Fig. 3a) and is accompanied by an increase in the maximum emission intensity by up to a factor of 1.8 for MA complexed with Ca 2+ -CaM in the absence of NaCl. While both apo and Ca 2+ -CaM are capable of binding MA in the absence of NaCl, their dissociation constants differ significantly with K eq of 170 ± 0.06 nM for the complex of MA and Ca 2+ -CaM and K eq of 0-4 mM for apo-CaM ( Table 1 ). The Ca 2+ -CaM affinity for MA was decreased by more than two orders of magnitude (K eq 40 ± 20 μM, Fig. 3b ) at 150 mM NaCl and was further reduced at 500 mM NaCl (K eq 0-1 mM, Fig. 3c ). No interaction between apo-CaM and MA could be detected at concentrations of NaCl greater than 150 mM.
The pulldown and tryptophan fluorescence investigations together indicate that the stability of CaM-MA is sensitive to ionic strength, suggesting that electrostatic interactions between the proteins are important for complex formation. The tryptophan fluorescence data indicate that the solvent accessibility of W16 and W36 in the putative CaM-binding sequence of MA is altered, implying that the tryptophan chemical environments in MA become more hydrophobic upon CaM binding. As W16 is buried within the MA core and W36 is partially solvent-exposed when observed in high-resolution structures, 15, 17 our results support the idea that these MA residues form contacts with the CaM hydrophobic clefts and become more sequestered from the solvent. The addition of calcium, which binds at the base of the EF-hand clefts of calmodulin to expose the hydrophobic binding pockets within the N-and Cterminal lobes, strengthens the interaction between both proteins. 
Ca
2+ -CaM and MA form an extended 1:1 complex in solution
In the absence of NaCl, Ca 2+ -CaM-MA eluted as a single peak in size-exclusion chromatography with a relative molecular mass, M r , of 29,900 (± 3%); (Supplementary Data Figure S1 ) consistent with the formation of a 1:1 complex between CaM (M r 16,690 (± 5%) from MALLS; theoretical M r 16,706) and MA (M r 12,980 (± 5%); theoretical M r 14,979). In 100 mM NaCl, the complex eluted as two peaks with M r 20,470 (±8%) and 14,950 (±15%) in positions similar to CaM (M r 16,380 (± 9%)) and MA (M r 13850 (± 4%)) analyzed under the same conditions. We concluded that low-salt conditions are important in stabilizing the CaM-MA complex.
Small angle X-ray scattering (I(q) versus q, Fig. 4 ) was used to determine the shapes of Ca 2+ -CaM, MA, and the Ca 2+ -CaM-MA complex in solution and the derived structural parameters are summarized in Table 2 . Guinier plots for data on each component and the complex (Fig. 5a , inset) are linear, as expected for monodisperse solutions. The probable distribution of vector lengths between scattering centers, P(r) versus r, for Ca 2+ -CaM, MA, and Ca 2+ -CaM-MA (Fig. 5b) yield values for the forward scattering intensity (I(0)) and associated M r , radius of gyration (R g ), and maximum linear dimension (D max ), which agree well with the parameters reported earlier for the SAXS data for Ca 2+ -CaM 21 and with calculated average parameters derived from the NMR ensemble for MA (PDB 2HMX; 20 structures, using the program CRYSOL 36 ). The M r values also agree with the experimental masses from MALLS and calculated masses based on the protein amino acid sequences (from PROTPARAM 37 ). Overall, these results indicate that both Ca 2+ -CaM and MA exist as monodisperse monomers under these solution conditions and confirm that the Ca 2+ -CaM-MA complex has 1:1 stoichiometry. The complex has an R g value that is ∼ 50% larger than Ca 2+ -CaM or MA alone and the P(r) function indicates a relatively elongated structure with a maximum linear dimension that is ∼ 60% greater than either of the components.
Ab initio shape restoration models derived from the SAXS data for CaM and MA are consistent with their known structures (Fig. 5d ). The CaM envelope shows evidence for the expected dumbbell shape and is slightly foreshortened compared to the 
--
The first column indicates the presence (Ca 2+ ) or absence (EGTA) of calcium and the second column shows the concentration of NaCl in the sample (0-500 mM). The equilibrium constant K eq for each curve was calculated from fits to the tryptophan fluorescence data for CaM-MA in the program ORIGIN, with the fit quality described by χ 2 and R 2 .
crystal structure, 38 as observed in earlier SAXS experiments, 21 and is attributed to the flexibility of the central helix. The MA envelope depicts two globular lobes with the larger having the expected dimensions for the MA head domain and the smaller lobe, which would accommodate the The R g , D max and I(0) values were obtained from P(r) analysis, c (in g mL -1 ) was determined directly from UV spectroscopy for CaM and MA and calculated from component concentrations for the complex. The molecular mass M was calculated as described, 49 and the expected masses derived from amino acid sequences are given in parentheses next to the experimentally derived values, with Δ% denoting the percentage difference between experimental and expected M. : an N-terminal domain around residues 1-10 and the C-terminal tail around residues 106-132; the SAXS shape restoration suggests that the unstructured C-terminal tail is more compact than is indicated by the NMR coordinate files. disordered C-terminus of the NMR structure, 15 suggesting the C-terminus is somewhat compact. The highly elongated shape of the complex has a total volume consistent with that expected for a 1:1 complex (∼ 73,000 Å 3 with overall dimensions ∼ 110 Å × 50 Å × 40 Å; Fig. 6c) showing two aspherical lobes.
MA interacts with the hydrophobic binding clefts of Ca 2+ -CaM NMR experiments were done to identify specific interactions between the two proteins with the view that these might aid in modeling the CaM and MA component structures into the SAXS-derived envelope for the complex.
1 H-15 N heteronuclear single quantum coherence (HSQC) spectra were acquired for 15 N-labeled Ca 2+ -CaM titrated with sequential additions of MA to a final molar ratio of 1.4:1 (Fig.  4a) . The amide resonances for 15 N-Ca 2+ -CaM were obtained from published data 39 and over 70% of the CaM sequence was assigned on the basis of published chemical shifts. Amide signals that disappeared or were significantly perturbed (see Materials and Methods) over the course of the titration experiment ( shown), indicating a specific interaction between Ca 2+ -CaM and MA. Of the ten unambiguously assigned 15 N-Ca 2+ -CaM residues that have significantly perturbed amide resonances upon binding MA (Fig. 4c) , four are known to interact with the archetypal CaM binding partner MLCK 26, 29 or form part of the hydrophobic target-recognition clefts. 20 Another four residues are adjacent to a residue previously identified to interact with MLCK, while two lie within three residues in the amino acid sequence. An additional 15 15 Izumi and colleagues generated a model for Ca 2+ -CaM-MA based on SAXS experiments on CaM bound to a peptide corresponding to residues 11-47 of MA and proposed that a group of residues near or within the central helix of calmodulin (E47, D50, E54, D56, E67, R74, D78, E82 and E139) form direct contacts with MA via electrostatic interactions in a novel binding motif. 36 Our NMR data show that two of the residues (E54 and E82) in this binding scheme have both unambiguous assignments and perturbed amide resonances when MA binds to Ca 2+ -CaM, whereas R74 is perturbed but is ambiguously assigned. Four CaM residues (E47, D50, D56 and E67) in this scheme are ambiguously assigned in our NMR data and have amide resonances that are not significantly altered upon MA binding and two (D78 and E139) cannot be assigned. Of the three residues listed above with perturbed chemical shifts, two (R74 and E82) are located within the flexible central helix that typically deforms upon calmodulin binding to other target proteins (CaM residues 73-83 28 ) and all lie within two residues of a residue sitting in the canonical CaM target-binding cleft. Most of the residue signals that were unambiguously assigned and perturbed in our NMR analysis were not explicitly predicted to shift in the MA(11-47) model by Izumi and colleagues (8 out of 10 residues: F19, G33, L48, V55, A57, F68, L105 and T110). Indeed, our NMR data show binding-induced perturbations in three amide chemical shifts from residues in the CaM N-terminal lobe (F19, V55 and F68) that direct their side chains into the cleft around the base of the CaM hydrophobic pocket, as well as two residues (G33 and L48) located on the distal side of the same pocket. Although a similar number of chemical shift perturbations was expected from residues in the Cterminal lobe, relatively few were actually observed to change upon MA binding, comprising only two (L105 and T110) out of 13 chemical shifts unambiguously assigned to residues in that lobe. The lack of perturbed chemical shifts in the C-terminal lobe might be due to the relative scarcity of assignments on our NMR experiment for residues in this region that have previously been identified to form contacts with target molecules (F92, V108, M109, F141, M144 and M145 24, 41 ). It is possible that the CaM-MA interaction is mediated principally by the N-terminal lobe, and we note that the model proposed by Izumi and colleagues also shows a disproportionate number of MA contacts from that lobe.
MA undergoes major conformational changes upon binding
A series of 1 H-15 N-HSQC spectra for 15 N-MA with sequential additions of unlabeled Ca 2+ -CaM to a final molar ratio of 1.4:1 were also acquired. Over 80% of the amide resonances for 15 N-MA and two indole resonances were assigned from published data. 40 The 1 H-15 N-HSQC spectrum for MA contains well dispersed resonances (Fig. 4d ) that underwent major chemical shift perturbations over the course of the titration such that only a few signals remained in their original positions upon complex saturation (Fig. 4e) . A general migration of many 15 N-MA resonances to the region of the spectrum normally associated with unstructured proteins or α-helical structure occurred during the titration. No intermediate signal was observed between the free and Ca 2+ -CaM-bound chemical shifts for amides in 15 N-MA, leading to difficulties in tracking their positions over the course of the titration. These observations indicate that a major conformational change occurs in MA upon forming a complex with Ca 2+ -CaM. No further change was observed in the spectrum following the addition of more than one molar equivalent of Ca 2+ -CaM (data not shown) consistent with a 1:1 specific interaction.
Only 11 unambiguously assigned amide resonances remained in similar positions in both free and bound MA plus an additional 18 resonances that were tentatively assigned. The corresponding residues encompass every class of amino acid Fig. 6 . Far-UV CD spectra tracking changes in secondary structure for CaM-MA. Spectra were recorded for Ca 2+ -CaM (8 μM red line), MA (8 μM blue line), and Ca 2+ -CaM-MA (8 μM black line) at 25°C. The MA residual spectrum (cyan line) was calculated from subtraction of the Ca 2+ -CaM spectrum from the Ca 2+ -CaM-MA spectrum, and displays significant differences from the MA spectrum.
(except those that are acidic) and are spaced at semiregular intervals along the protein backbone. Interestingly, signals for the indole ring nitrogens of W16 and W36 (the two tryptophan residues in the putative MA CaM-binding sequence) disappeared in bound MA despite their corresponding backbone amide resonances appearing relatively unaffected. As these residues are likely anchor residues for binding to the hydrophobic clefts of CaM, it is possible that the interaction between Ca 2+ -CaM and MA involves the indole side chains of W16 and W36 without affecting the corresponding amide, or that the secondary structure in that part of MA is similar in both the free and bound forms. The sheer number of chemical shift changes limits our ability to identify key residues at the interface. However, the data indicate that virtually every part of the MA structure is perturbed upon binding CaM.
Formation of Ca
2+ -CaM-MA causes a significant loss of α-helical structure
To determine the extent of CaM-induced structural changes in MA due to a loss of secondary versus tertiary structure, far-UV circular dichroism (CD) experiments were performed on Ca 2+ -CaM, MA and the 1:1 complex (Fig. 6) . The secondary structure content calculated from each spectrum (Table 3) confirms that Ca 2+ -CaM and MA are predominantly α-helical, while an equimolar mixture of the two proteins contains significantly less α-helix than expected based on the mass-weighted average of the values from each uncomplexed component (Table 3) . No significant deviation was observed for β-sheet content and the loss of α-helical structure was accompanied by a correspondingly larger amount of undefined content. From the NMR data, we inferred that the majority of the structural changes caused by Ca 2+ -CaM-MA formation occur in MA rather than in Ca 2+ -CaM. We therefore generated an approximate "MA residual" spectrum by subtracting the Ca 2+ -CaM signal from that of the complex. Although the MA and MA residual spectra appear similar, the MA residual spectrum contains less α-helix and more undefined structure but the β-sheet and turn content is essentially unchanged. These results suggest that MA retains most of its α-helical secondary structure and the dramatic loss of dispersion in the NMR spectrum of MA upon complex formation has a significant contribution from a loss of tertiary contacts.
Conclusions
The results of our experiments show that CaM binds to intact MA in a calcium-dependent manner to form an elongated 1:1 complex in solution and that MA undergoes significant conformational change on binding Ca 2+ -CaM. Izumi and colleagues have generated a model for the Ca 2+ -CaM-MA interaction using MA peptides corresponding to residues 11-47 and proposed that a group of charged residues in CaM on the N-terminal lobe and within the central helix form direct electrostatic contacts with MA. 41 They proposed a novel interaction that excluded the involvement of the CaM hydrophobic clefts that are typically responsible for CaM-target binding, and rather suggested that CaM could interact with MA without the involvement of the large hydrophobic residues internal to the MA core, which would require a conformational change in the MA structure. While our results regarding the sensitivity of the CaM-MA interaction to ionic strength support the fact that electrostatic interactions are important, our combined NMR, fluorescence, and CD data show that Ca 2+ -CaM binding to intact MA does ultimately involve the hydrophobic clefts in the two lobes of CaM as well as the tryptophans within the MA core and thus induces structural changes that disrupt both tertiary and secondary structure in MA.
The MA protein is involved in a diverse number of functions throughout the HIV-1 replication cycle. It forms the matrix of the mature virion, is the only known Gag product of the pre integration complex, 14, 42 it interacts with phosphatidylinositol 4,5 bisphosphate within plasma membranes (plasma membrane targeting) 40 and has an N-terminally linked myristoyl switch for membrane anchoring. 11 As well as these functions, MA has a purported nuclear localization signal 43, 44 encoded within its sequence and can bind RNA and DNA. 45, 46 The basic N-terminal region of MA appears to be crucial for many of these processes and our results show that the binding of CaM to this same region has significant structural consequences for the rest of the protein. The introduction of this layer of "structural plasticity" within MA induced by Ca 2+ -CaM binding could affect many of the viral and cellular events MA has integrated into, but at present the precise details regarding the CaM-MA interaction in vivo remain poorly understood, in part because of the lack of understanding of the conditions under which a stable interaction occurs. Values for secondary structure content are the average results from CDpro and the errors are the standard deviations between predictions calculated by three different algorithms. The stated values for helix and sheet are summed from the amounts of "regular" and "distorted" versions of each structure calculated by CDpro. For comparison, the secondary structure content expected for an unaltered CaM-MA complex and the "MA residual" spectrum generated from subtracting the Ca 2+ -CaM spectrum from the Ca 2+ -CaM-MA spectrum is also given.
Materials and Methods

Protein expression and purification
Calmodulin purification
Plasmid DNA encoding the Xenopus laevis calmodulin gene (pET3a-CaM; provided by M. Ikura, University of Toronto) was transformed into Escherichia coli BL21 (DE3) grown in lysogeny broth 47 (LB) medium supplemented with 100 μg mL -1 ampicillin. The cells were grown at 37°C and CaM expression was induced with 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) and harvested 4 h later by centrifugation at 6000g for 10 min. Pelleted cells were suspended in CaM-lysis buffer (20 mM Tris pH 7.4, 1 mM EDTA) containing Complete™ Protease Inhibitor tablets (Roche), and small quantities (∼ 1 mg) of lyophilized ribonuclease A (RNase A) and deoxyribonuclease A (DNase A; Sigma) and lysed by three freeze-thaw cycles in liquid N 2 and in water at 80°C before extracting the soluble fraction by centrifugation at 50,000g for 1 h. This fraction was mixed with concentrated CaCl 2 to a final concentration of 10 mM then passed over a packed matrix of phenyl-Sepharose 6B fast flow beads (GE Healthcare Life Sciences) equilibrated with wash buffer (20 mM Tris pH 7.4, 10 mM CaCl 2 ). The beads and bound proteins were washed several times with fresh wash buffer and with wash buffer supplemented with 500 mM NaCl before CaM was eluted in 50 mM Tris, 150 mM NaCl, 1 mM EGTA. Protein-containing fractions were detected using the Bradford assay 48 and subsequently pooled and further purified by Superdex 75 size-exclusion chromatography (SEC; in 50 mM Mops pH 7.0, 100 mM NaCl, 5 mM CaCl 2 , 2 mM Tris(2-carboxyethyl)phosphine (TCEP)). CaM stocks were concentrated to ∼ 20 mg.mL -1 by vacuum centrifugation and dialyzed against SEC buffer supplemented with 0.1% (w/v) NaN 3 , before storage at 4°C. The purity of the final CaM stocks was assessed by SDS-PAGE and staining with Coomassie brilliant blue and the identity of the purified protein confirmed by matrixassisted laser desorption/ionization mass spectrometry (MALDI MS). Concentrations of CaM were determined by UV absorbance using a molar extinction coefficient at 276 nm (ɛ 276 nm ) of 3030 M -1 cm -1 , calculated from the primary sequence of the protein with the program PROTPARAM. 37 
HIV-1 MA purification
Plasmid encoding the HIV-1 MA gene (pET16b-MA; provided by W. Sundquist, University of Utah) was transformed into E. coli BL21 (DE3) Rosetta2 cells (Merck) grown in LB supplemented with 100 μg mL -1 ampicillin and 33 μg mL -1 chloramphenicol. This construct produces a version of MA with a His-tag and Factor Xa protease site incorporated into its N-terminus. Protein overexpression was performed as described for CaM except that the cells were left to express MA after induction for 16 h at 15°C. Purification of MA was accomplished exactly as described. 15 Harvested cells were suspended in MA lysis buffer (30 mM imidazole pH 7.0, 500 mM NaCl, 5 mM β-mercaptoethanol) supplemented with Complete™ Protease Inhibitor tablets (Roche), RNase A and DNase A before lysis by three freeze-thaw cycles in liquid N 2 and 25°C water. Soluble lysates were recovered by centrifugation at 50000g for 1 h and passed over a nickel-nitrilotriacetic acid (Ni-NTA, Qiagen) agarose column equilibrated with MA lysis buffer without supplements. The column was washed with 5-10 column volumes of buffer A (75 mM imidazole, 500 mM NaCl, 5 mM β-mercaptoethanol) and buffer B (50 mM Hepes pH 6.5, 50 mM NaCl, 2.5 mM β-mercaptoethanol) to remove loosely bound protein. MA was eluted from the Ni-NTA beads with 250 mM imidazole pH 7.0, 100 mM NaCl, 5 mM β-mercaptoethanol. Fractions containing MA were pooled and dialyzed against buffer B containing 10 μg mL -1 Factor Xa (Sigma) for 16 h. This procedure removes the His-tag from MA and leaves a residual histidine residue at the N-terminus. The cleaved protein mixture was passed over a 1:1 (w/w) mix of Ni-NTA agarose and benzamidine agarose to remove any remaining His-tagged protein and Factor Xa. Further purification of MA was performed using SEC as described for CaM and the purity was assessed by SDS-PAGE and MALDI-MS. Sample concentrations were determined by UV spectrometry using a ɛ 280 nm of 17,085 M -1 cm -1 calculated from PROTPARAM.
CaM-agarose pulldown assays
To qualitatively assess the effect of NaCl and calcium on the interaction between MA and CaM, concentrated MA (in SEC buffer) was added to aliquots of CaMagarose beads (containing CaM covalently attached to an agarose matrix; Sigma) to a final concentration of 5 μM. The beads were suspended in buffers containing 50 mM Mops pH 7.0 and 1 mM TCEP, supplemented with 0, 50, 100, 150 or 500 mM NaCl in combination with either 5 mM CaCl 2 or 10 mM EGTA. The mixtures were incubated for 10 min at 25°C before the CaMagarose beads were pelleted by centrifugation at 17,000g for 1 min and the soluble fraction was discarded. Unbound MA was rinsed from the beads using three centrifugation/resuspension cycles in the corresponding assay buffer. Reducing SDS-PAGE loading buffer (50 mM Tris pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 4% (v/v) β-mercaptoethanol) was then added to the beads and bound protein content was analyzed by SDS-PAGE and staining with Coomassie brilliant blue. Samples of pure MA and clean CaM-agarose were included as controls. Special care was taken throughout this procedure to ensure minimal loss of beads during washing and that bead mass and buffer volumes were equivalent across all samples within handling error.
Tryptophan fluorescence
Fluorescence spectra from protein samples and their corresponding buffer solutions were obtained at 25°C using a Varian Eclipse fluorescence spectrophotometer with the following settings: λ excitation 295 nm; λ emission 300-500 nm; slit widths 5 nm; scan rate 120 nm min -1 ; data interval 1 nm. Aliquots of both MA (5 μM) and CaM (227 μM) were individually dialyzed against either highcalcium buffer (50 mM Mops pH 7.0, 5 mM CaCl 2 , 2 mM TCEP) containing 0, 50, 100, 150 or 500 mM NaCl or lowcalcium buffer (50 mM Mops pH 7.0, 10 mM EGTA, 2 mM TCEP) containing 0 or 150 mM NaCl. To determine the binding affinity between apo/Ca 2+ -CaM and MA, concentrated CaM samples were titrated into the respective MA samples (5 μM) and left to equilibrate for 10 min at each titration step before recording each emission spectrum in triplicate and averaging to produce the final spectrum. The total volume change after all titrations was limited to b 5% of the MA sample volume. All sample spectra were corrected for solvent effects by subtracting the emission spectra of buffers across the full emission range. The peak tryptophan fluorescence signal from fully complexed CaM-MA occurred at 334 nm and all data analysis was done at this wavelength. Control spectra using CaM alone confirmed that the intrinsic fluorescence caused by the tyrosine residues in CaM contributed less than 5% of the emission signal and consequently this contribution has been discounted in the data analysis. Changes in emission intensity from MA caused by addition of CaM were fitd in the program package ORIGIN with the equations: 
Multi-angle laser light scattering (MALLS)
MALLS data were obtained for purified MA, CaM, and a 1:1 molar mix of these two components dialyzed in 50 mM Mops pH 7.0, 5 mM CaCl 2 , 2 mM TCEP containing either 0 or 100 mM NaCl. The MALLS system consisted of a Superdex 200 10/30 gel-filtration chromatography column driven by an ÄKTA FPLC platform, feeding into a Wyatt Technology miniDAWN light scattering unit and an Optilab DSP refractometer. The system was equilibrated with five column volumes of the same buffer as the samples before each experiment. To determine the relative molecular mass (M r ) of each species, the system was calibrated to an absolute scale using the intrinsic Rayleigh scattering of toluene. A uniform refractive index to concentration gradient (dn/dc) of 0.19 mL g -1 was assumed for all proteins. The calibration was verified by analyzing a sample of bovine serum albumin on the system immediately before the samples of interest.
Small-angle X-ray scattering
Small-angle X-ray scattering (SAXS) experiments were done with samples of MA (8.0 mg mL -1 ), CaM (5.0 mg mL -1 ) and a 1:1 molar mixture of CaM and MA (9.7 mg mL -1 ) dialyzed against 50 mM Mops pH 7.0, 5 mM CaCl 2 , 2 mM TCEP. The dialysate was retained for solvent blank measurements. A lysozyme standard was prepared by dissolving and dialyzing the lyophilized protein (USB Corporation) in 150 mM NaCl, 40 mM sodium acetate (pH 3.8) to a final concentration of ∼ 20 mg mL -1 , which was serially diluted to produce a concentration series used to verify M r calculations for the proteins of interest. These lysozyme samples gave values for M r within 2% of the expected values (M r measured 14,630 versus M r expected 14,295) when analyzed by the method of Orthaber 49 and water-calibrated absolute scaling as described below. SAXS data were acquired using an Anton Paar SAXSess with line-collimation and CCD detector as described. 50 The initial stages of data reduction and analysis were performed as described. 51 Briefly, the instrument slit and integration lengths were set to 10 mm and all data were collected using the CCD camera, except for beam intensity profiles, which were recorded on image plates. Samples were exposed for 30-120 min at 20°C in 10 s increments and averaged in blocks of 15 or 30 min to improve counting statistics and monitor for potential radiation damage to the sample. Data reduction to I(q) versus q (where q is (4πsinθ)/λ, 2θ is the scattering angle, and 1.54 Å is the wavelength (λ) of the radiation) and subtraction of the solvent scattering intensity were done with the program SAXSquant1D (Anton Paar, Austria). All data were placed on an absolute scale using the scattering of water as a standard. 49 Guinier analysis 52 was done with the program PRIMUS, 53 and P(r) analysis was done with GIFT 54 or GNOM, 55 both of which include corrections for the data smearing due to the slit geometry of the instrument. GIFT and GNOM were used to calculate the indirect Fourier transformation of the data that represents the probable pair-wise distribution P(r) of vector lengths within the scattering particle, from which the forward scattering intensity at zero scattering angle (I (0) ), radius of gyration (R g ) and maximum dimension (D max ) can be derived. For comparison, R g and D max values from previous SAXS experiments were obtained for Ca 2+ -CaM, 21 and a theoretical R g for MA was calculated from the full NMR structure ensemble in PDB entry 2HMX using the program CRYSOL, 36 and an estimate for D max was also derived using the program PyMOL †. 56 Theoretical values for the scattering length density (ρ) of CaM and MA and the components in the supporting SAXS buffer were calculated with the programs MULCh. 57 The partial specific volume (v) of both proteins was calculated from their primary amino acid sequence using NucProt. 58 The calculated ρ and v and experimentally determined I (0) and protein concentration values were used to calculate the molecular mass of the scattering particles in each sample as described. 49 We expect that concentration measurements for CaM are less accurate than those for MA due to the low extinction coefficient for that protein (CaM, ɛ 276 nm 3030 M -1 cm -1 ; MA, ɛ 280 nm 17,085 M -1 cm -1 ). Ab initio shape restoration calculations for the Ca 2+ -CaM-MA complex were performed using the output files from GNOM as input to the program DAMMIF. 59 Ten independent DAMMIF calculations were calculated for each sample, and these were averaged with the program DAMAVER 60 to generate a consensus envelope for each species. The mean normalized spatial discrepancy within each set of models is less than 0.7, which indicates a high degree of similarity between models.
NMR spectroscopy
CaM and MA isotopically labeled with 15 N (denoted 15 N-CaM and 15 N-MA, respectively) were expressed and purified as described above with LB replaced by M9 minimal medium containing 15 61 Amide resonances that were perturbed by more than the experimental average + 1 standard deviation were considered to be significant, and include those that disappear from the spectra over the course of the titrations.
Circular dichroism spectroscopy
CD spectra for CaM, MA and an equimolar mixture of the two components were recorded at 25°C in 1 mm pathlength cuvettes using a Neslab RTE-111 temperaturecontrolled Jasco J-720 spectropolarimeter calibrated with a camphor-10-sulfonic acid standard (0.6 g mL -1 ) immediately before the experiment. The protein samples (8 μM) were dialyzed in 10 mM sodium phosphate (pH 5.5), 100 μM CaCl 2 , 1 mM TCEP for 16 h before the experiment. CD spectra were measured in the wavelength range 260-185 nm while monitoring the high-tension (HT) voltage of the sample. Data corresponding to HT values N 600 V were considered unreliable and were discarded. Each final spectrum was the average of three scans and was baseline corrected by subtracting the contribution from buffer alone. Estimates of secondary structure were made using the program suite CDpro. 62 
